Abstract The objectives of this study were to evaluate the antiaging effects and investigate the effect of simulated gastrointestinal (GI) digestion on the anti-aging properties and intestinal permeation of the potential fish collagen hydrolysates (FCH). Therefore, procollagen synthesis, matrix metalloproteinase-1 (MMP-1) production, and Caco-2 cell permeability were analyzed before and after in vitro digestion for FCHs, low-molecular weight fractions (<1 kDa), and high molecular weight fractions (>1 kDa). After being subjected to GI digestion, the level of MMP-1 inhibition was maintained, although the procollagen production was significantly (>20%) lower with all samples. Also, the digested FCHs and their <1 kDa fraction yielded 9.1 and 13.8% increased peptide transport, respectively, compared to undigested samples. Based on the effective intestinal permeation and high digestive enzyme stability, the <1 kDa fraction of FCHs is a potential bioactive material suitable for anti-aging applications in the food and cosmetics industries.
Introduction
The skin is the largest organ of the human body and consists of the epidermis and the dermis. The epidermis, which is composed of keratinocytes, is the outermost layer of the skin and serves as a boundary between the environment and the body [1] . The underlying dermis layer is mainly comprised of collagen and elastin [2] , which are produced by fibroblasts. Approximately 75% of the dermis is formed of collagen [3] , which maintains the structure of the dermis layer.
Skin aging occurs when dermal collagen is degraded, resulting in loss of skin tensile strength and stability [4] . Skin aging can be classified into two types with different causes: intrinsic aging, which occurs inevitably over time, and extrinsic aging, which is caused by ultraviolet (UV) radiation, air pollution, smoking, and poor nutrition [1] . These factors impair skin metabolism, resulting in degradation of the collagenous matrix through the actions of cell surface receptors, protein kinase signal transduction pathways, transcription factors, and enzymes [5] .
The collagenase production and collagen synthesis pathways are two major pathways in skin metabolism that are related to collagen degradation. For example, skin aging factors can upregulate the expression of activator protein-1 [6] , a transcription factor that is related to the production of matrix metalloproteinases (MMPs). MMPs are enzymes that regulate collagen breakdown, which results in skin degradation. Second, extrinsic factors such as UV radiation can inhibit the expression of transforming growth factor-β (TGF-β), a cytokine that regulates collagen synthesis by dermal fibroblasts [7] . Reduced levels of TGF-β decrease collagen production, leading to imperfect skin repair. Therefore, regulating the collagen and MMP-1 production pathways could potentially prevent skin aging.
Collagen is a molecule with demonstrated anti-aging potential that is currently used in diverse fields such as the food, cosmetics, and biomedical industries. Collagen is the most abundant protein in vertebrates and comprises approximately 30% of the total protein in the human body [8] . Collagen molecules are composed of three α-chains that form a linked collagen triple helix; these α-chains harbor Gly-X-Y repeat sequences [9] . Collagen is typically rich in proline and hydroxyproline, but factors such as source and animal age can influence the variety of amino acids found in collagen [10] .
Recent studies have shown that collagen hydrolysates and peptides derived from collagen exhibit a variety of anti-aging properties. For instance, rats and mice that were fed collagen hydrolysates derived from bovine hide [4] , jellyfish [11] , and fish scales [8] exhibited increased collagen production and significantly decreased MMP expression. Also, collagen hydrolysates from Chum Salmon skin were found to stimulate collagen synthesis and decrease collagen degradation in a dose-dependent manner [7] . Moreover, Gly-X-Y tripeptides derived from collagen hydrolysates also showed anti-aging properties such as increased skin moisture content, increased skin elasticity, and decreased MMP activities in UV-irradiated hairless mice [12] .
Although many studies have illustrated the skin-protecting effects of collagen hydrolysates, very few bioactive peptides have been identified, and the molecular mechanisms by which they exert their anti-aging effects remain unknown. Moreover, collagen hydrolysates from different species, habitats, and tissues each have unique amino acid compositions, which can affect their antiaging properties [13] . Also, the effects of in vitro digestion on the anti-aging properties and the intestinal transport efficacy of collagen hydrolysates have been rarely studied, even though these effects are important factors for applications of collagen hydrolysates in the food, pharmaceutical, and cosmetics industries.
Therefore, the aim of this study was to evaluate the anti-aging effects of potential fish collagen hydrolysates (FCHs) and investigate the effects of in vitro simulated gastrointestinal (GI) digestion on the anti-aging properties and intestinal permeation of the FCHs. For this purpose, different molecular weight fractions were collected, and the anti-aging properties and intestinal transport abilities were characterized before and after in vitro digestion. Specifically, procollagen synthesis, MMP-1 production, and Caco-2 cell permeability were analyzed.
Materials and Methods

Materials and reagents
FCHs, produced from tilapia scales and hydrolyzed with a neutral protease (Bacillus amyloliquefaciens), were provided from Nongshim Co., Ltd, Seoul, Korea. The average molecular weight of FCH was approximately 2 kDa, and the amino acid composition of FCH is shown in Table 1 . Pepsin, pancreatin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), formic acid, rat tail collagen, and retinoic acid (RA) were purchased from SigmaAldrich Chemical Co. Ltd. (St. Louis, MO, USA). TGF-β 1 was purchased from PeproTech, Inc. (Rocky Hill, NJ, USA). Phosphatebuffered saline (PBS) and penicillin-streptomycin were purchased from Lonza (Walkersville, MD, USA). Dulbecco's modified Eagle medium (DMEM), Hanks' balanced salt solution (HBSS), fetal bovine serum (FBS), 0.25% trypsin-EDTA, HEPES, glucose solution, and non-essential amino acids (NEAAs) were purchased from Gibco Life Technologies (Grand Island, NY, USA). Hs68 and Caco-2 cells were obtained from the American Type Culture Collection (Manassas, VA, USA).
Ultrafiltration
FCHs were fractionated by ultrafiltration (UF) using an Amicon model 8400 UF unit (Millipore Corp., Billerica, MA). The unit contained a Millipore membrane with a molecular mass cutoff of 1 kDa. The peptides that permeated the 1 kDa membrane (<1 kDa) and the peptides that were retained without passing through the 1 kDa membrane (>1 kDa) were both collected. All fractions were lyophilized and stored at −20 o C.
Simulated gastrointestinal (GI) digestion
In vitro GI digestion of FCHs and UF fractions was performed using the method of Samaranayaka et al. [14] with slight modifications. Briefly, the digested samples were prepared by dissolving 100 mg of FCHs, their <1 kDa fraction, and their >1 kDa fraction separately in 10 mL of distilled water each. The pH of each solution was adjusted to 2.0 with 5 N HCl. Pepsin from porcine gastric mucosa (enzyme to substrate ratio, 1:35 w/w) was added, and the mixture was placed in a shaking incubator for 1 h at 37 o C. The pH was then adjusted to 5.3 with 0.9 M NaHCO 3 and further adjusted to pH 7.5 with 5 N NaOH. Porcine pancreas pancreatin (enzyme to substrate ratio, 1:25 w/w) was added to the mixture, which was incubated again with shaking for 2 h at 37 o C, before being submerged in boiling water for 10 min to terminate the digestion. Aliquots of the digested sample were cooled at room temperature and stored at −20 o C until use.
Cell culture Hs68 and Caco-2 cells were both grown in DMEM. The growth medium for Hs68 cells was supplemented with 10% FBS and 5% penicillin-streptomycin, whereas the growth medium for Caco-2 cells was supplemented with 10% FBS, 5% NEAA, and 5% penicillin-streptomycin. The cells were maintained at 37 o C with 5% CO 2 and 95% humidity. The medium was changed every 2 days. All Hs68 and Caco-2 cells used in this study were between passages 23 and 30.
Cell viability
The cytotoxicity of the FCHs was measured using the MTT assay, which is based on the reduction of MTT to purple formazan crystals by mitochondrial dehydrogenases in live cells [15] . Briefly, Caco-2 and Hs68 cells were seeded at a density of 1×10 4 cells/well in a 96-well plate. After 24 hours of incubation, the wells were treated with 20 uL of FCHs and then incubated for an additional 24 hours. Following this incubation, 20 μL of 0.5 mg/ mL MTT in PBS was added to each well. After 4 hours of incubation, the plate was centrifuged at 1,500 rpm for 5 minutes, and the supernatant was aspirated. Next, 150 μL of dimethyl sulfoxide was added to each well to dissolve the formazan crystals, and the amount of formazan was measured using a microplate reader at 540 nm.
Procollagen synthesis assay Hs68 cells were seeded in 48-well plates (5×10 4 cells/well) and cultured at 37 o C in 5% CO 2 . After 24 hours of incubation, the supernatant of each well was aspirated, and the cells were washed with PBS. The FCHs, their <1 kDa fraction, their >1 kDa fraction, and the digested samples were each dissolved in serum-free DMEM, after which the cells were treated with samples at concentrations ranging from 0-1,000 μg/mL. The cells were incubated for an additional 24 hours, after which the supernatant was collected from each well. The amount of procollagen was measured with a procollagen type I C-peptide assay kit (Takara Bio, Japan).
UV-induced collagenase inhibition assay
Hs68 cells were seeded in 48-well plates (5×10 4 cells/well) and cultured at 37 o C in 5% CO 2 . After 24 hours of incubation, the supernatant of each well was aspirated, and the cells were washed with PBS. The FCHs, their <1 kDa fraction, their >1 kDa fraction, and the digested samples were each dissolved in serum-free DMEM, after which the cells were treated with samples at concentrations ranging from 0-1,000 μg/mL. After an additional 6 hours of incubation, the cells were washed twice with PBS. Under a thin layer of PBS (100 μL/well), the cells were irradiated with 10 J/cm 2 UVA using a UVT UV lamp (Dongseo Science Co., Ltd., Korea). UV strength was measured using a Lutron UV meter (model UV-340A). Immediately after irradiation, the PBS was aspirated, and serum-free medium was added to each well. The cells were incubated for an additional 24 hours, after which the supernatant was collected from each well. The amount of collagenase was measured with a MMP-1 Human Biotrak ELISA kit (Amersham Life Science, USA).
Caco-2 cell permeability assay Permeability assays were carried out using cell monolayers grown in 24-well polycarbonate membrane transwell plates. Caco-2 cultures were seeded at a density of 1.5×10 5 cells/cm 2 into each well insert and grown for 10-12 days. Transepithelial electrical resistance (TEER) measurements were conducted to monitor the cell monolayer growth, and cultures with a resistance greater than 300 Ω cm² were used in the assay. The transport assay was conducted in triplicate.
After removing the growth medium in the apical chambers and basolateral chambers of each well, the cell monolayers were washed twice with transport medium (HBSS supplemented with 25 mM HEPES and 25 mM glucose). Transport medium was then added to each well, and the cell monolayers were preincubated at 37 o C for 30 min. After incubation, 0.1 mL of the FCHs, their <1 kDa fraction, their >1 kDa fraction, and the digested samples was added to each insert, and 0.6 mL of transport medium was added to the basolateral chambers. The transwell plates were placed on a rotating shaker (speed, 60 rpm) throughout the permeability assay. After 2 h, the amounts of peptides transported across the cell monolayers were determined by analyzing aliquots of transport medium taken from each well using a Pierce BCA protein assay kit (Rockford, IL, USA). The efficiency of peptide transport, expressed as percent permeability for each sample, was calculated by the following equation:
Amino acid composition Amino acid was analyzed using a Waters HPLC system equipped with a Waters 510 pump and a Waters Pico-Tag column (3.9×300 mm, 4 μm). The mobile phases consisted of 140 mM sodium acetate in 6% acetonitrile (A) and 60% acetonitrile (B), and the following gradient was used: 86% A at 9 min, 80% A at 9.2 min, 54% A at 17.5 min, and 0% A at 17.7 min. The sample was hydrolyzed with acid and labeled with phenylisothiocyanate. After labeling, 10 μL of the sample was injected into the column, and peaks were monitored at 250 nm by a UV detector.
Statistical analysis
All data were expressed as the mean ± standard deviation for three independent samples. Data were evaluated using one-way ANOVA followed by the Duncan's multiple range test and t-tests (SPSS Version 21.0, SPSS Inc., Chicago, IL, USA). P-values under 0.05 were considered statistically significant.
Results and Discussion
Anti-aging property of fish collagen hydrolysate The toxicity of FCHs to Hs68 and Caco-2 cells was investigated using the MTT assay. As shown in Fig. 1A , the viability of Hs68 cells treated with FCHs (0-1,000 μg/mL) was on average 80% that of nontreated control cells; this observation held for all concentrations. Next, procollagen production and MMP-1 production were analyzed in the presence of FCHs (0-1,000 μg/mL). The toxicity of FCHs to Caco-2 cells at concentrations of 0-5,000 μg/ mL was also assessed; results are shown in Figure 1B . Caco-2 cells did not exhibit reduced viability at any concentration; thus, intestinal transport assays were conducted in this FCH concentration range.
The amounts of collagen synthesized after treating Hs68 cells with the FCHs, their <1 kDa fraction, and their >1 kDa fraction were determined using a procollagen type I C-peptide ELISA assay. As shown in Fig. 2 , all types of samples led to an increase in collagen formation. The collagen-synthesizing effect of fish collagen-derived samples may be due to the amino acid composition of FCH ( Table 1 ). The major amino acids in FCH were Gly, Ala, Pro, Glu, Hyp, and Arg; together, these six amino acids comprised approximately 73.4% of FCH. On the other hand, the <1 kDa fraction was mainly composed of Gly, Ala, and Arg comprised approximately 72.9%. Ala, which is one of the most abundant amino acid in FCH and the <1 kDa fraction, has been reported to contribute to collagen formation [16] . Arg is a precursor of proline synthesis [17] , which is an important amino acid in collagen synthesis. Furthermore, a variety of collagenderived peptides composed of diverse combinations of amino acids have been reported to have collagen synthesizing and MMP-1 inhibiting effects. A research study reported that Chum salmon skin hydrolysate consisting of Gly, Glu, Pro, and Hyp significantly increased collagen production and inhibited MMP-1 expression [7] . Additionally, collagen hydrolysate from bovine hide with high contents of Gly, Glu, Arg, Pro, and Hyp showed increased collagen synthesis and decreased MMP-2 production [18] . Jellyfish collagen hydrolysate rich with Gly, Pro, Glu, Asp, and Ala was reported to show collagen synthesis and antioxidant activity [11] . Another study revealed that specific ratios of Arg, Glu, Val, Ile, and Leu could synthesize collagen and inhibit skin aging [19] . These studies show that there can be numerous combinations of amino acid compositions that could contribute to skin protective effects. Nonetheless, Gly, Ala, and Arg are considered to be the major amino acids found in most of the previous literatures.
Among the samples, the <1 kDa fraction significantly increased the expression of type I collagen at all tested concentrations (100, 250, 500, and 1,000 μg/mL; 137.01, 179.18, 208.76, and 228.4 ng/mL, respectively) compared with the control group (97.02 ng/ mL). The amount of collagen released into the medium increased in a concentration-dependent manner for the <1 kDa fraction, whereas the FCHs and >1 kDa fraction did not exhibit this dosedependent increase. Also, the amounts of collagen produced after treatment with the FCHs, their <1 kDa fraction, and their >1 kDa fraction were significantly different for treatments at 500 and 1,000 μg/mL. Therefore, the <1 kDa fraction was determined to be the most effective in producing collagen in Hs68 cells and thus to have the greatest potential for improving skin quality.
The effects of UV radiation on MMP-1 production after treating Hs68 cells with the FCHs, their <1 kDa fraction, and their >1 kDa fraction are shown in Fig. 3 . The level of extracellular MMP-1 decreased in a dose-dependent manner for all samples. Several studies concerning peptides with similar amino acid compositions of FCH (Table 1) have been reported to show MMP-1 inhibiting effects. Liang et al. [7] reported that Chum salmon skin hydrolysate consisting of Gly, Glu, Pro, and Hyp significantly inhibited MMP-1 expression, and collagen hydrolysates from bovine hide with high contents of Gly, Glu, Arg, Pro, and Hyp showed decrease in MMP-2 production. Thus, high contents of Glu, Arg, Pro, and Hyp may lead to MMP-1 inhibition. Furthermore, it could be seen that the <1 kDa fraction inhibited MMP-1 production most effectively. Treating cells with the <1 kDa fraction (250-1,000 μg/mL) significantly reduced the amount of MMP-1 (20.43, 15.33, and 13.18 ng/mL) compared with the UV-irradiated control group (26.98 ng/mL). Also, the amounts of collagen produced after treatment with the FCHs, their <1 kDa fraction, and their >1 kDa fraction were significantly different when the treatments were used at concentrations between 500 and 1,000 μg/mL. Therefore, the <1 kDa fraction was determined to be the most potent for reducing collagenase expression in Hs68 cells.
Effects of in vitro digestion on the anti-aging property and intestinal permeation of FCH The effects of in vitro simulated GI digestion on the anti-aging properties of FCHs, their <1 kDa fraction, and their >1 kDa fraction in Hs68 cells are shown in Fig. 4 . The amounts of procollagen synthesized after treatment with FCHs, their <1 kDa fraction, and their >1 kDa fraction were decreased significantly by 23.98, 27.16, and 20.54%, respectively, after GI digestion compared to the same samples before digestion (Fig. 4A) . Although the <1 kDa fraction stimulated the highest level of collagen synthesis of all samples regardless of digestion status, the level of degradation was also greatest for the <1 kDa fraction. On the other hand, there was no significant difference in the amounts of MMP-1 produced after stimulation with FCHs, their <1 kDa fraction, and their >1 kDa fraction before versus after GI digestion (Fig. 4B) . The <1 kDa fraction showed the highest collagenase-inhibiting ability of all samples tested.
These results may be attributed to the effects of digestive enzymes that cleave specific sites in peptides. Since pepsin is known to cleave peptide bonds located at the carboxyl side of Phe, Trp, Tyr, and Leu residues [20] , theoretically, no peptide bonds were cleaved in the GRRGNK anti-aging peptide. On the other hand, pancreatin is a mixture of various enzymatic proteases, including trypsin. Trypsin cleaves internal bonds at Lys or Arg residues and possesses higher hydrolysis activity due to the activation of other pancreatic proenzymes [21] . Thus, it is possible that GRRGNK was degraded into smaller peptides and amino acids during pancreatin digestion, and that this degradation led to a decrease in procollagen synthesis. Also, the MMP-1 inhibition activity was sustained after GI digestion, which implies that a smaller peptide may be involved in the regulation of MMP-1 activity.
The cellular transport abilities of FCHs and digested FCHs in Caco-2 cell monolayers were next investigated ( Table 2 ). Analysis of the peptide concentrations in permeates before digestion indicated that 32.8, 34.0, and 32.2% of the FCHs, their <1 kDa fraction, and their >1 kDa fraction, respectively, were transported across the intestinal barrier. The <1 kDa fraction exhibited significantly higher permeability than the FCHs and the >1 kDa fraction, indicating that size is an important factor for intestinal peptide transport.
Peptides are primarily transported as dipeptides and tripeptides through the processes of carrier-mediated transport, transcytosis, and paracellular passive diffusion [22] . Although a few reports have concluded that some long-chain polypeptides can be transported by transcytosis, such as the ACE inhibitory peptide VLPVPQK [23] , the amount of peptide absorbed via transcytosis is generally regarded to be insignificant [24] . Thus, large peptides are predominantly broken down by proteases generated by endothelial cells [25] for intestinal permeation. Since the <1 kDa fraction is composed of smaller peptides compared to the FCHs and the >1 kDa fraction, more peptide bonds would have been cleaved by cellular proteases.
After in vitro GI digestion, the total amounts of peptides transported across the Caco-2 cell layers for the FCHs, their <1 kDa fraction, and their >1 kDa fraction were 35.8, 38.7, and 32.2%, respectively. There was a significant difference between the digested samples and a noticeable increase in permeability for FCHs and the <1 kDa fraction compared to the same samples before digestion. We presume that the breakdown of peptides by pepsin-pancreatin digestion, as previously discussed, led to increased peptide transport of FCHs and the <1 kDa fraction. On the other hand, the >1 kDa fraction showed no significant difference in internal transport between samples before versus after digestion, indicating that larger peptides are less susceptible to digestive enzymes compared to peptides with smaller molecular weights.
Thus, the results in this study show that the intestinal peptide transport increased as the molecular weight decreased, and the anti-aging ability was maintained regardless of the enzymatic digestion. As a result, it could be established that the <1 kDa fraction of FCH is a potential bioactive peptide with effective intestinal permeation and digestive enzyme stability, suitable for the application in anti-aging foods and cosmetic products. 
